Nanoscale plasticity and fracture of polymers were studied by in situ nanoindentation in a transmission electron microscope. The indentation-induced plasticity during loading and the significant recovery of the deformed polymer upon unloading provide insight into the nanoscale viscoelastic and plastic behavior. Crack initiation and growth from a preexisting surface nanodefect due to adjacent nanoindentation was found to lead to localized delamination. The in situ observations of this study provide information for the evolution of nanoscale viscoelastic-plastic deformation and fracture ͑delamination͒ processes at polymer surfaces during the loading and unloading phases of a nanoindentation cycle. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2200718͔
The mechanical properties of polymers are intertwined with their microstructure characteristics. For instance, crosslinking has been shown to affect the deformation, fracture, and fatigue properties of ultrahigh molecular weight polyethylene ͑UHMWPE͒.
1 Microstructure changes may also result in profoundly different mechanical behavior. For example, crystalline lamella rearrangement in semicrystalline polymers induced by shear stresses has been shown to degrade the surface strength. 2, 3 However, in situ observations of nanoscale deformation and fracture processes in polymers have not been reported to date.
Real-time studies of deformation phenomena encountered in nanoscale testing have been made possible with the development of an in situ nanoindentation holder for a transmission electron microscope ͑TEM͒. 4 Previous studies using this technique have shown grain growth and dislocation movement in plastically deformed metals and ceramics. [4] [5] [6] [7] [8] [9] However, the development of plastic deformation and fracture processes in polymers due to indentation has not been studied at the nanoscale, presumably due to difficulties in the fabrication of specimens suitable for both nanoindentation testing and real-time TEM observation and the low contrast of organic materials in TEMs. In this study, a focused ion beam ͑FEI strata 235 dual beam͒ was used to fabricate freestanding UHMWPE specimens transparent to a 200 keV electron beam. The main objective was to perform in situ studies of the evolution of viscoelastic-plastic deformation and crack growth during a full nanoindentation cycle generated by a sharp diamond tip that was displaced by a piezoelectric actuator inside a TEM chamber.
In situ nanoindentation experiments were performed with UHMWPE specimens using a TEM ͑JEOL 200CX͒ and a custom-made nanoindentation holder, as shown schematically in Fig. 1͑a͒ . A piezoelectric element was used to move a Berkovich diamond tip of nominal radius of curvature equal to ϳ100 nm toward the polymer surface in a controlled fashion. Scanning electron microscope ͑SEM͒ micrographs of the fabricated specimens are shown in Figs. 1͑b͒-1͑d͒. The approximately 2-mm-long prismatic sliver of polyethylene was hand shaped by a surgical blade and coated with a 100-nm-thick Au protective layer in a thermal evaporator ͑Veeco 401͒ to prevent damage of the top surface during Ga ion-beam machining. Two adjacent etch windows of fixed spacing were produced on top of the wedges of the polymer specimens and milled with successively lower currents ͑30 pA for the final cut͒ down to a few micrometers to create freestanding polymer walls ͑specimens͒. The specimen thickness ͑defined by the spacing of the two windows͒ was equal to ϳ200 nm. Several specimens were machined on the same polymer wedge ͓Fig. 1͑b͔͒. To eliminate charging during observation in the TEM, a carbon film of a few nanometers in thickness was deposited on the specimens by a͒ Author to whom correspondence should be addressed; electronic mail: kyriakos@me.berkeley.edu FIG. 1. ͑a͒ Schematic of a freestanding thin polymer specimen subjected to in situ nanoindentation and exposure to a TEM electron beam. ͑b͒-͑d͒ SEM micrographs of polymer specimens fabricated with a focused ion beam. arc discharge. Figures 1͑c͒ and 1͑d͒ , respectively, show 52°a ngle side view and top view SEM micrographs of a polymer specimen. The deformation phenomena due to nanoindentation were observed in bright-field TEM and recorded on video. Figure 2 shows characteristic TEM images revealing the evolution of nanoscale deformation in the vicinity of the indenting tip, obtained from a real-time video of the entire nanoindentation cycle. The time elapsed from the onset of indentation is shown at the lower left corner of each image. The boundary of the deformation zone has been highlighted by a white contour for clarity. The line connecting the initial contact point C of the tip ͑hereafter referred to as the center contact point͒ with a reference point remote from the surface ͓Fig. 2͑a͔͒ was used to determine the radial distance R between the tip and the boundary of the dark-contrast deformation zone ͓see Fig. 2͑c͔͒ as a function of time. A highcontrast dark loop emerged below the apex of the tip during the initial stage of nanoindentation ͓Fig. 2͑b͔͒. The contrast in this localized region is attributed to the large strain gradients underneath the indenter. Presumably, regions under compression are denser, resulting in greater scattering of the incident electron beam and hence darker contrast. As the tip penetrated deeper into the polymer, the deformation zone expanded radially, reaching its largest size at the maximum indentation depth ͓Fig. 2͑c͔͒. During the unloading process, the deformation zone decreased slightly by an amount proportional to the recovery of the elastic strain, reaching a final size after full unloading ͓Fig. 2͑d͔͒.
A quantitative analysis of the surface displacement and the size of the deformation zone is presented in Fig. 2͑e͒ . The displacement of the deformed polymer surface ͑square points͒ and the size of the deformation zone ͑triangular points͒ were obtained by measuring the displacement of the center contact point and the radial distance R, respectively, both along the reference direction. The tip displacement rates during the loading and unloading phases of this nanoindentation experiment were both equal to ϳ10 nm/ s. A comparison with the tip displacement ͑solid curve͒ shows that the film surface separated from the tip in the later stage of the unloading. Beyond this point, the polymer exhibited viscoelastic recovery characterized by a continuous rise of the free surface from a depth of ϳ320 nm ͑tip separation͒ to a final depth of ϳ270 nm ͑residual depth͒. This viscoelastic relaxation of the polymer surface occurred over a period of ϳ15 s, indicating a surface relaxation rate of ϳ3.5 nm/ s. The growth of the deformation zone demonstrated nonlinear behavior. The relatively slow growth of the deformation zone up to a size of ϳ50 nm is attributed to the dominant effect of elastic deformation throughout the specimen. Deeper penetration resulted in significant growth of the deformation zone to a maximum size of ϳ375 nm obtained at an indentation depth of ϳ500 nm. The rapid growth of the deformation zone for depths greater than ϳ50 nm can be attributed to the increasing effect of plastic deformation. This is also supported by the greater contrast of the deformation zone at larger indentation depths. The slight decrease of the deformation zone upon unloading is due to the recovery of the viscoelastic deformation. The small difference between the deformation zone at maximum indentation depth ͑ϳ500 nm͒ and the residual deformation zone suggests that the particular indentation cycle produced a plastic zone of size equal to ϳ300 nm. These results provide direct insight into the nanoscale viscoelastic-plastic behavior of indented polymer surfaces. Figure 3 shows characteristic TEM images from the in situ observations of nanoscale fracture in the indented polymer specimen. A tiny indentation ͑defect͒ of width of 670 nm and depth of 70 nm was produced on the specimen surface by the same Berkovich tip. Nanoindentation at a distance of ϳ490 nm from the surface defect ͓Fig. 3͑a͔͒ resulted in the propagation of a crack from the nose of the surface defect ͓Fig. 3͑b͔͒ in a direction nearly normal to the polymer surface ͓Fig. 3͑c͔͒. Unlike the previous experiment ͑Fig. 2͒, a high-contrast deformation zone was not produced under the tip, probably because the strain energy released by the crack growth process reduced the stresses in the neighborhood of the indenting tip. Deeper penetration to a depth of ϳ490 nm resulted in the deflection of the crack toward the tip, accompanied by the delamination of the polymer region between the surface defect and the indenter ͓Fig. 3͑d͔͒. This is real-time evidence of crack growth in a polymer from a surface nanodefect. The observed crack path is in qualitative agreement with finite element results. 10 Further advancement of the tip to a depth of ϳ630 nm resulted in a second fracture event. The material removed from one side of the tip during the previous delamination event resulted in much higher stresses in the tip vicinity, as demonstrated by the dark-contrast zone at the tip apex ͓Fig. 3͑e͔͒. At a critical stress state, a second crack propagated abruptly in the tip vicinity, causing the delamination of the dark-contrast region on the right side of the tip apex ͓Fig. 3͑f͔͒. The fracture failures associated with the first and second delamination events are shown schematically in Figs. 3͑g͒ and 3͑h͒, respectively. Initial growth nearly normal to the surface was relatively slow compared with the propagation of the crack toward the indenting tip. For example, from Fig. 3͑b͒ to 3͑c͒ , the crack grew by ϳ80 nm, while from Fig.   3͑c͒ to Fig. 3͑d͒ it grew by 810 nm. These data suggest that the average growth rate in paths b-c and c-d ͓Fig. 3͑g͔͒ was approximately equal to 27 and 810 nm/ s, respectively. The dark region shown in Fig. 3͑h͒ depicts the localized excessive deformation that resulted from the first delamination event, which played the role of a precursor for the second fracture event. A comparison of the results shown in Figs. 2  and 3 illustrates the detrimental role of a surface nanodefect and its pronounced effect on the transition from viscoelastic-plastic to brittle mode of failure at polymer surfaces.
The results of this study provide direct evidence of the nanoscale viscoelastic-plastic and fracture processes occurring at polymer surfaces due to indentation loading and unloading, and elucidate the significance of nanoscopic surface defects on the dominant mode of failure. The nanoscale deformation phenomena are in good qualitative agreement with similar macroscopic deformation phenomena and the predictions of finite element simulations. The obtained results demonstrate the great promise of in situ nanoindentation in a TEM in the field of nanomechanics and nanoscale materials analysis.
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